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A humanized version of the mouse anii-lysozyme Ab Dl J was previously constructed as an Fv fragnienl and its structure was 
crystallograpbically determined in the free form and in complex with lysozyme. Here we report five new crystal structures of 
single-amino acid subsliluUon mutants of the humanized Fv fragmem, four of which were determined as Fv-lysoiyme complexes. 
The crystals were isomorphous with the parent forms, and were refined to free R values of 28-31% at resolutions of 2.7-2.9 A. 
Residue 27 in other Abs has been impUcuted In slabiUzing the conformation of Ihe first complementarity-determining region 
(CDR) of the H chain, residues 31-35. We find that a Phe-lo-Ser mutation al 27 alters Ihe conformation of immediately adjacent 
residues, but this change is only weakly transmitted to Ag binding residues in the nearby CDR. Residue 71 of (he H chain has been 
proposed to control the relative disposition of H chain CDRs I and 2, based on the built of its side chain. However, in structures 
we determined with Val, Ala, or Arg substituted in phice of Lys at position 71. no significant change in the conformation of CDRs 
I and 2 was observed. 7V« Journal of Immunology, 2001, 161: 296-301. 



Humanized Abs arc created by replacing Ihe complcmen- 
tariiy-deiermining regions rCDRs)^ of a human Ab (as 
defined by Wu and Kabal: Refs. I, 2) with the corre- 
sponding CDRs of a nonhuman Ab (3). This CDR graft transfers 
ihc antigenic specificity of the CDR donor molecule, bui leaves ihe 
new engineered molecule immunologically human, inasmuch as 
Ihe immunogeniclly of humanized Abs in humans isexiremely low 
(4. 5). The first humanized Ab was specific for the hapten niiro- 
phenacetyl. This molecule had been CDR grafted in the H chain 
only, which was coexpressed with a mouse L chain. The human- 
ized ami-nitrophenacciyl showed 1.5- to 3-fold reduced hapten af- 
finity relative to a control molecule with murine sequences In both 
chains (3). This finding of altered affinity proved that framework 
residues can influence the structure of Ihe Ag combining site. Riech- 
mann et al. (4) confirmed this finding in a humanized anti-CDS2. 
The initial humanized construct showed weak avidity. A single 
Ser-to-Phe mutation al framework residue H27'' restored avidity to 
near (hat of the fully murine control. The importance of framework 
residues in maintaining the structure of the CDRs and the frequent 
need for mutational revisions in the framework have since been 
confirmed many more limes during the engineering of humanized 
Abs to have avidity matching that of their murine antecedents (6). 



We developed a humanized anti-lysozyme (HuLys) as a model 
system for studying structural i.ssues attending the transfer of 
CDRs from a murine to a human framework (7-9). Thus, murine 
and human segments for the construction were chosen from among 
Ab V domains whose slruclures had been determined The si* 
CDRsof HuLys come from i be murine AbDl.3, which was raised 
against hen egg lysozyme (10, II). ITie siruclnre of the D1.3 hel- 
crodimcrof H and L chain V regions (Fv) has been determined al 
1.8-A resolution in both the liganded and unligandcd forms (12, 
13). The HuLys H chain framework (residues HI-H30, H36-H49, 
H66-H94. and H103-HI13 in the Kabal numbering system) 
comes from the human myeloma protein NEW, whose structure 
has been determined at 2.0 A (14). The k L chain framework 
(residues L1-L23, L33-L49. LS7-L88, and L98-LI08) is a con- 
sensus sequence similar to that of the human Bencc-Jones protein 
REI, also determined at 2,0 A (15). 

The crystal structures of the HuLys Fv in free form (16) and 
complexed with the Ag lysozyme ( 1 7) were previously determined 
at 2.9 and 2.7 A, respectively (Brookhaven Protein Data Bank 
accession numbers IBVL and IBVK). In this work, we describe 
crystal structures of a series of single substitution mutants of the 
Hul.ys Fv, vir H27S, H7IV. H7IA, and H7IR. 
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The siniclure of (he HuLys Fv mutant H27S was determined as a 
lysozyme complex in a ci^stal form Identical with the complex 
struccure obtained previously (17). The crystallographic asymmet- 
ric unit contains two Fv:Ag complexes, which we designate mol- 
ecule i and molecule 2. Both Fvs superpose well on the corre- 
sponding Fvs of the H27F structure, with root mean square (rms) 
differences in Ca position of 0 5 A for each of ihc two complexes. 
Despite these identical rms differences, two different conforma- 
ons are present in Ihe two crystajlographicalty independent H27S 
olecules. Comparing molecule I of H27Fand H27S, differences 
Ca position of up to 2.7 A occur at residues H23-H29, adjacent 
lu CDR-Hl. The overall effect is that in the H27S structure, this 
ponion of the molecule has moved away from the position of Ihe 
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FIGURE I. 
acids ai position H27, n 

H chaoi CDR I and adjacent peptide seemeat in 
H27F (black) and H27S (gray). Atomic coordi- 
nates were taken from molecule I Smm Ihc H27F 
and H27S Pv-lysoiyme comple« slniciures. The 
entire H27S-Iysozyine complex was superposed 
on the H27F-lyso2yme complex. The superposed 
molecules were used Tor this illustration. Only the 
peptide backbone from tesichies H22 to H35 and 
the side chains Trom residues H27 and H28 were 
drawn, to make clear the conformational changes 




Phe side chain present in H27F, toward the H chain N terminus and 
iysozyrtie. creating a more open loop (Fig. I). Residues H74-H76. 
which pack against CDR-HI. have moved into the space created 
by this shift Eight of the Ca shifts larger than twice the rms dif- 
ference conf»e from residues H23-H29 and H74 and H76. (The 

bining site.) Modeling of residues H22-H3I was diincult. and Ihc 
side chain at position H27 could not be fit at all. The possibility 

II27S molecule 2 shows a clear difference from the correspond- 
ing molecule 2 of the H27F Fv The Ser and Phe side chains at the 
bubstilulion sue point in opposite directions. As evident in Fig. 2, 
the phenyl ring of H27F is buried in the interior of the extended 
loop lormed by residues H2J-H35. whereas the Ser side chain in 
H27S points to the aqueou.s exterior. As predicted (4, 9). substi- 
tution of Ser lor Phe has created a cavity. Residue Ser H2g in the 
H27S Fv has stiilted so that its main chain and side chain have 
moved into space occupied by the Phe H27 side chain in the H27F 
Fv. This large perturbation in backbone conformation extends for 
several residue positions along the peptide backbone, as is evident 
in Fig, 2. The shifts of the Ca atoms of residues H23-H3 1 account 
for 9 of the 13 shifts greater than twice the rms difference between 
Ihc mutant and native complexes. A shift at H75 accounts for one 



Although the conformation of the loop preceding CDR-Hl dif- 
fers significanlly in H27S and H27F. structural effects on lysozyme 
binding are small. In the DI.3 complex structure, residue H32 of 
CDR-HI makes a weak (3.5 A) direcl contact with lysozyme. Res- 
idues H30 and H3I make contact via water molecules (13). In the 
HuLys H27S structure, the disMnce for the potential diivct contact 
between H32 and lysozyme is 4.1 A (molecule I) or 4.3 A (mol- 
ecule 2), similar to the 4.0-A contact seen in the H27F molecule I 
complex and an increase from the 3.4 A in the H27F molecule 2 
complex, and too large to be important in lysozyme binding (28). 
Due 10 the resolution of x-ray data for the HuLys complexes, we 
have not modeled water molecules, hence we cannot directly com- 
pare the Fv-lysozyme interactions involving residues H30 and H3 1 
to the corresponding interactions in DI.3. However, we did com- 
pare the positions of the Fv atoms in H27S and H27F involved in 
these contacts, the carbonyl oxygen atoms of H30 and H3I. Both 
these atoms in H27S molecule I have moved 0.8 A from their 
positions in H27F. In H27S molecule 2. the backbone Ca atoms of 
these residues have moved I 9 A (H30) and 1.2 A (H3I) from their 
positions in the H27F complex. The atoms actually forming the 
contacts, H30 O and H3I O, have moved 1.7 A and 0.9 A, re- 
spectively. The size of this shift does not necessarily mean that 
these contacts are broken. The water molecules in the H27S 
complex presumably could shift position to accommodate the new 
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Tabic III. Rms changes in Ca posiiion of HI I muiams relaiive w 
H7IK 



H7IV 0.3 0.3 
H7IA 0.2 0.2 
H7IR OA 01 



positions of ihe protein aioms. The remainder of CDR-HI in H27S 
is offsei from iis location in H27F, with Ihe respeclive chains back 
in register by residue HJ5. the last residue in the CDR, 

H7I siruclures 

The sire of the side chain at position H7I is thought to control the 
relative disposition ol loops forming CDR-HI and CDR-H2 (29). 
Previously published structures of free HuLys Fv and the HuLys- 
lysozyme complex had Lys in this posiiion. Here we report addi- 
tional structures with Val, Ala, and Arg at residue H7I. All three 
forms crystallized and were determined as an Pv-lysozyme com- 
plex, and a structure of the free H7IV Fv was obtained as well. 

All the Fv-lysozyme complexes were virtually identical. Super- 
position of the Ca atoms of the mutant complexes onto the H7I K 
complex gave small rms differences of 0.3 A or less, as presented 
in Table III. Twelve Co atoms in the two H7IV molecules have 
shifts greater than twice the rms differences, and none are near Ihe 
combining site. Comparing the structures of the H7IA and H7IK 
complexes, four Co atoms have shifts greater than twice the rms 
difference: three are in the L chain and one is in lysozyme. All are 
remote from the combining site. The most conservative H7I sub- 
stitution, arginine for lysine, gave the smallest overall rms differ- 
ence. However, as for the other H7 1 mutants, then; were moderate 
shifts of the mutated residue and residues in the nearby segment of 
polypeptide chain. The Cor atoms of H71 in molecules I and 2 
moved O.S A and 0.3 A, respectively, and the preceding Ca atoms 
in molecule 1, H69 and H70, moved 0.2 A and 0.4 A. All other 
shifts greater than twice tlie rms distance occunred distant from 
H71 and from the combining site. Fig, 3 shows superposition of 
H71 and pans of CDR-HI and CDR-H2 for the four molecules, 
taken from Ihe complexed crystal forms. This illustration shows 
clearly that there is no change in structure of the two CDRs, de- 
spile the mutations at H7I. 




FIGURE 3. Structure of residue H7 1 and first »nd second hypcrvariaUe 
loops in four lysozymc-Fv complexes. Conformations of these residues in 
the two cryslallogiaphically intependent asymmetric units of all four mu- 
tants are essentially identical. This illustration is a composite ofsuperposol 
molecule 2s seca in H7IK (Mack line), H71V (gray line), H71A (dotted 
line), and H7IR (dashed line). Superpositions were based on H7IK mol- 
ecule 2 and used the Ca atomic coordinates of the residues shown. 




nCURE 4. Suociures of nsidnc H7I and first and second hypervari- 
abte loops in unliganded Fv molecules. Top, H7IV molecule (gray line) I 
superposed on H7IK molecule 1 (black line). MiJJIe. H7IV molecule 2 
(gray) superposed on H7 1 K molecule 2 (black). Bonom, H7 1 K molecule 2 
(gray) superposed on H7IK molecule I Iblack). 



The structures of uncomplexed H7IV and H7 IK offer another 
opportunity to test for a mutation-induced conformation change 
following the Tramontano model. The two unliganded crystal 
forms of H7IK and H7IV each have two molecules in the asym- 
metric unit, hence comprise a total of four independent Fv struc- 
tures. Molecule 1 of H7IK and molecule I of H7I V superpose 
almost exactly in the region of the mutation, as evident in Fig. 4, 
top. Molecule 2 of H7 1 K and molecule 2 of H7 1 V superpose sim- 
ilarly well (Fig. 4, middle). However, these two pairs represent 
distinct conformations. The two independent molecules of H7IK 
do not superpose well (Fig. 4. bottom), and the same is true for 
molecule I and molecule 2 of H71V. In other words, two Fvs 
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ion of particular features ir 
segment, such as an invariant Gly at position H26, was considered 
critical for maintaining the baclcbone conformation of the Ag-con- 
lacling C-terminal portion of the H26-H32 loop. 

How are conformational changes in CDR-HI Iransmillcd from 
the H26-H30 region? Comparison of side-by-side crystal struc- 

scem a straightforward way to discover this mechanism, as iden- 
tical CDR-HI sequences are abutted in the two cases to H26-H30 
regions of separate murine and human origin However, existing 



:d Abs h: 



The canonical H26-H 
Abs adopt (33). is typified by the human H chain NEWM ( 14. 34), 
The rat anli-CD52 Ab CAMPATH-IG. with H26-H30 sequence 
GFTFT. follows this canonical structure precisely (36), The initial 
humanized form, though based on NEWM Irameworlcs. sequence 
GSTFS. bound Ag poorly, and probably did not adopt a canonical 
conformalion. The crystallographically studied humanized form. 
CAMPATH-IH. had higher affinity by virtue of the H26-H30 re- 
gion being reverted to the rat sequence. Nevertheless, this structure 
still differed from the canonical conformation at residues H29 and 
H30, This deviation was attributed to a different interaction with 
respective side chains at position H7I (Arg in CAMPATH-IG. Val 
in CAMPATH-IH). A recent structure of the same humanized 
molecule in complex with an Ag mimotope showed that the H26- 
H32 loop was once again in the canonical confoimalion (37). 

CDR-HI of the murir«e anll-7-lFN Ab AF2 deviates in confor- 
mation from the canonical structure at each position, but is still 
topologically recognizable as a loop (38). In comrasi. the human- 
ized version of AF2, despite having an identical sequence from 
residue H I9-H66, has an a-helical CDR-HI not seen in any other 
Ab structure. This unique confonmalion was attributed to a second 
structural rearrangement in framework I associated with a Pro 
(mouse) to Ser (humanized) mutation al position H7. 

The murine anii-lysozyme Ab DI.3 has a canonical CDR-HI 
structure ( 1 1). The humanized version of D1.3 whose siruclui* we 
previously reported (16, 17) has an identical sequence from H26- 
H35 (7) (H26-H30 sequence GFSLT) and also adopts a canonical 
CDR-H I conformalion. A kinetic study of HuLys mutants showed 
that a Ser substitution at residue H27 had only a slightly detrimen- 
tal effect on Ag affinity (9), This observation was contrary to (he 
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:sidue H7I, but in identical crystal packing environ- 

quence, but in different environments. The two unligandcd eon- 
Ibrmations observed presumably arc distinct because of crystal 
packing interactions, rather than amino acid sequence differences 
at residue 7 1 , The f r it on of H7 1 and the two loops in the 
H7IK and H7IV Fv-lysozyme complexes is intermediate between 

10 molecule 2 (rms difference 0.2 A for the Ca atoms in the illus- 
tration superposed on molecule 2 of the H7IK complex) Uian to 
molecule 1 (04 A rms difference). 

Discussion 

The role of residues H26-H30 in Ag binding by humanized Abs 

bat" CDR-HI fresiducs H3I-H35), and these rcsidues^arely con- 
tact Ag (30). Other homology- and sttxicturc-ba.scd definitions of 
the first Ig H chain CDR have similarly designated residues outside 
this segment, viz H3I-H37 (31). H3I-H32 (32), and H30-H35 
(33) One exception is the canonical H chain hypervariabic loop I 
proposed by Chothia and Lesk (34), extending from H26 to H32. 

I segment forn 



profound effect of a Ser-lo-Phe mutation in CAMPATH-IH, even 
though both HuLys and CAMPATH-IH used NEWM framework 
sequences (4). One possible explanation is that the mutation in 
HuLys caused no significant structural change. The finding that 
CDR-HI of DI.3 contributes little free energy toward lysozyme 
binding (39) makes plausible an aliemalive possibility, that the 
mutation did cause a change in nssidues H26-H30. but this per- 
turbation was not ilctectable by kinetic analysis. Crystallographic 
data presented here favor the latter proposition, made clear in Fig, 
I. The HuLys H27S structure shows large changes in backbone 
conlbrmation in residues H22-H30 in molecule I and H26-H30 in 
molecule 2, but these torsional changes are not transmitted to the 
nearby Ag binding residues H3I and H32. Translational changes 
are also not transmitted to these residues, except fo 
of H3I in molecule 2. Given our findings and the apparent 
syntrasies observed in other humanized Ab sbuctures. we can only 
conclude diat the conformation of CDR-HI and the adjacent H26- 
H30 region are extremely sensitive both to their own sequences 
and to interactions with adjacent residues. Our understanding of 
structural dclcrmmanis of H26-H35 and our ability to rationally 
manipululc this region remain limited. 
Tramontano et al. (29) have articulated a descriptive and pre- 

1 (Kabal residues H26-H32) and 2 (Kabal residues H32a/53- 
H55). In this model, the most important determinants of die con- 
formation of hypervariable loop 2 arc the length of the loop and 
specific sequence constraints, with particular canonical structures 
and conserved residues expected for 3. 4, and 6 residue loops. A 
further siruciural deicrminanl is the side chain of residue H71, 
which is significant in the following way. The position of hyper- 
variable loop I is essentially fixed. The position of loop 2 relative 

H7 1 paclcs between the two loops and separates them or a small 
side chain at H7I allows loops 1 and 2 to juxtapose. 

In HuLys crystal structures with four different side chains at 
residue H7I. the expected conformational rean-angement of the 
hypervariable loop 2 region is not observed. The absence of a 

the stabilizing effect of a bound Ag, because the Lys-lo-Val mu- 
tation in the unligandcd crystal forms also does not alter the po- 
sition of loop 2. The modest (0,4-0.6 kcal/mol) improvement in 
Jlfiniiy that accompanied this mutation thus cannot be attributed to 
nappropriate displacement of hypervari 
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the Tramontano model, for 
which other proof exists, including a specific mutational study of 
residue H7 1 in the crystallographically determined Ab B72.3 (40). 
Our data do demonstrate that a class of exceptions may exist in 
which the H7I side chain alone does not affect the separation of 
hypervariable loops I and 2. An unkni 
may override the action of H7 1 , or the c 
hypervariable loops (H33-H55) may confer less sensitivity to the 
bulk of the H71 side chain. 

The observation that significant conformational changes in the 
H27S mutant did not lead to much change in Ag affinity, whereas 
substitutions at H71 gave affinity differences, but no apparent ex- 
plicatory change in stnjcture illustrates the value of combining 
structural and kinetic studies. 
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